Seasonal and diurnal rainfall characteristics, including the rainfall amount (RA), rainfall frequency (RF), and rainfall intensity (RI), were investigated over the tropical Asian monsoon region using Tropical Rainfall Measuring Mission Precipitation Radar (TRMM-PR) data. The results showed that the number of hours of high RF varied seasonally over land, although the diurnal peaks were mostly unchanged. Over Indochina, precipitation ended in the evening in April and May when the RA was low, whereas precipitation lasted until early morning from July to September when the RA was high. The seasonal changes in RF likely contributed to the changes in RA over land. Additionally, RI had two seasonal peaks occurring at the beginning and end of the summer monsoon over land regions; thus, RI was strongest during the two transition seasons. In contrast, both RF and RI had a single seasonal peak over the ocean.
Introduction
The diurnal precipitation variation over the tropical Asian summer monsoon region is climatologically dominant. Precipitation activity over land is dominant during the day, whereas over the coastal ocean precipitation is active until midnight and in the morning. The Tropical Rainfall Measuring Mission Precipitation Radar (TRMM-PR), a precipitation radar system mounted on the non-sun-synchronous TRMM satellite, demonstrates a very clear diurnal rainfall cycle over the entire tropical region (e.g., Hirose et al. 2008) . In addition to TRMM results, many studies have investigated the diurnal rainfall variation over Southeast Asia using rain gauge and ground-installed radar (Ohsawa et al. 2000; Okumura et al. 2003; Satomura et al. 2011) , and numerical simulations (Satomura 2000; Kataoka and Satomura 2005; Takahashi et al. 2010b; Takahashi et al. 2012) .
Long-term observation by long-lasting TRMM-PR permits climatological examination of the diurnal rainfall cycle over the tropical regions, including areas with sparse observation networks. However, most studies have investigated the annual or seasonal mean diurnal rainfall cycles. This may be due to the less frequent sampling of TRMM-PR observations than conventional global precipitation datasets based on infrared images. Additionally, despite the recent launch of the Global Precipitation Measurement (GPM) satellite, GPM-Dual-frequency Precipitation Radar (GPM-DPR) observations are only available for a few years, and there is insufficient data to analyze the seasonal and interannual variation of diurnal rainfall cycles. Thus, we should use TRMM-PR data to understand the seasonal and interannual variations in diurnal rainfall cycles.
The seasonal march of rainfall and its interannual variation dominate the tropical Asian monsoon region (e.g., Wang 2006) . Several previous studies have focused on seasonal change of diurnal convective systems over Malaysia and Japan (Oki and Mushiake 1994) , the Tibetan Plateau (e.g., Fujinami and Yasunari 2001) , South Asia (Kodama et al. 2005; Romatschke et al. 2010; Houze 2011a, 2011b) , and some tropical regions (e.g., Biasutti et al. 2012) . The studies in South Asia found that convective rainfall systems are dominant in the pre-monsoon season. In addition, the systems become more stratiform from the pre-monsoon to monsoon seasons. However, the seasonal variation in the diurnal precipitation cycle is not fully understood. It is quite possible that diurnal precipitation variation changes with the seasonal march of the Asian monsoon system. Therefore, this study focused on the seasonal variation in diurnal precipitation variation over the Asian monsoon region.
Rainfall characteristics, such as rainfall amount (RA), rainfall frequency (RF), and rainfall intensity (RI), have become increasingly important due to their changes in response to a warmer climate. For example, it is well known that the global warming can induce an increase in precipitation amount and a decrease in weaker precipitation events (e.g., IPCC 2013). Relatively few studies have addressed seasonal and diurnal variations of precipitation characteristics (e.g., Takahashi et al. 2010a; Takahashi 2010) .
The purpose of this study was to describe the seasonal and diurnal rainfall variations from the long-term TRMM-PR observations over the Asian monsoon region. We also discussed the differences in the seasonal and diurnal variations of rainfall characteristics between land and ocean.
Datasets and methods

Datasets
We used TRMM-PR 3G68 (ver. 7), a grid version of the TRMM-PR rainfall 2A25 product (Iguchi et al., 2000 . Hereafter, we refer to these rainfall data as TRMM-PR. The TRMM3G68 product includes the grid-averaged hourly rainfall rate (RR), the number of precipitation pixels (N total precip ), and the number of observation pixels (N total obs ). The footprints have an approximately 5-km diameter. The TRMM satellite was boosted from 350 to 403 km in August 2001, which increased the footprint for TRMM-PR from 4.3-to 5-km diameter (Shimizu et al. 2009 ). The statistics of these data were archived at a 0.25 × 0.25-degree grid resolution within the tropics and subtropics (approximately 36.5°S−36.5°N). The 15 years of TRMM-PR observations spanned the period 1998−2012. Over the Asian monsoon region, diurnal precipitation variation is quite predominant. In all of the figures shown here, we use a local solar time for the respective regions, which is shown in the figure legends.
Definition of rainfall characteristics
To understand the rainfall characteristics, we defined RA, RF and RI. Three parameters were calculated from the TRMM-PR product at each hourly time slot. The RA was defined as the total rainfall amount for 15 years divided by the total number of observations (RA = S RR/N total obs ). The RF, expressed as a percentage, was determined by dividing the number of surface precipitation pixels by the total number of observation pixels; precipitation was confirmed when the 2A25 algorithm indicated the existence of near-surface rainfall (RF = N total precip /N total obs ). The RI was
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In the Indian Subcontinent, a high RF was observed during the major rainy season (Fig. 2a) , although the peak was indistinctly observed in the latter half of the season. There were more hours with a high RF in August than in June. The seasonal changes in RF were similar to those in RA, which implies that they probably contributed to those in RA.
Seasonal peaks in the RF were observed from May to September over the Indochina Peninsula (Fig. 2b) , which is the major rainy season. In June, the RF showed a small dip, which was consistent with the climatological monsoon break over the Indochina Peninsula (Takahashi and Yasunari 2006) . The seasonal variation in diurnal RF showed an increase in the frequency of hours with a high RF within the day, with seasonal march. In pre-monsoon periods and at the beginning of the rainy season, specifically from April to May, RF was higher during the early afternoon to evening, whereas in the second half of the rainy season, during July and August, high RF was also observed at early morning.
Similar to the other land regions, a single seasonal peak in RF was observed over the Bangladesh Plain (Fig. 2c) . Again, the daily-accumulated RA was associated with the number of hours with a high RF. A high RF was observed in the evening and early morning. The rainfall activities in the evening and early morning may differ, with daytime precipitation over the whole plain and nocturnal precipitation over the Meghalaya Hills (e.g., Hirose and Nakamura 2005).
RI over land
Over the Indian Subcontinent, seasonal peaks in RI were observed in and around April and September (Fig. 3a) , which is the timing of the beginning and end of the monsoon season, respectively. This indicates that the RI was strongest during the transition seasons between rainy and dry seasons. The diurnal peaks in RI occurred in the early afternoon.
Seasonal peaks in RI were observed over the Indochina Peninsula in and around April and September (Fig. 3b) , which are the transition periods between the rainy and dry seasons. A diurnal peak in RI occurred in the early afternoon. However, RI was not weak during the nighttime.
A noticeable seasonal peak in RI was found over the Bangladesh Plain in and around April (Fig. 3c) . A minor seasonal peak in RI was observed in September. In terms of diurnal RI variation, stronger precipitation occurred over this region in the early afternoon and early morning. As mentioned for RF, these two peaks were composed of daytime precipitation over the whole plain and nocturnal precipitation over the Meghalaya Hills. In addition, this stronger RI in the pre-monsoon season may be associated with severe local storms over Bangladesh (e.g., Yamane et al. 2013) .
These characteristics are partly consistent with those observed by Kodama et al. (2005) , who showed that convective-type precipitation is dominant around Bangladesh in the pre-monsoon calculated as the RA divided by the RF (RI = RA/RF ). The RF may be underestimated because the limit of rainfall detection by TRMM-PR is approximately 0.5 mm h −1 ; thus, weaker precipitation may not be detected.
Results
Rainfall characteristics over land 3.1.1 RF over land
We investigated seasonal and diurnal variations in precipitation characteristics over the tropical Asian monsoon regions. To understand the differences in the seasonal and diurnal variations in precipitation characteristics between land and ocean, we selected six target regions ( season. However, heavy RI was also observed at the end of the rainy season, although there were regional differences in seasonal RI changes. A heavy RI was observed in the transition seasons between the dry and wet seasons.
Precipitation characteristics over the ocean 3.2.1 RF over the ocean
To understand the difference in seasonal and diurnal variations of rainfall characteristics between land and ocean, we also examined the rainfall characteristics over the Bay of Bengal, South China Sea, and western North Pacific (Fig. 1) .
A single seasonal peak was observed during the major rainy season from June to September over the Bay of Bengal. Diurnal peaks in RF occurred from the early morning to the early afternoon from June to September, over the Bay of Bengal (Fig. 4a) . The diurnal minimum was observed during evening hours when the diurnal precipitation peak occurred over the land regions. Over the South China Sea, a single seasonal peak was observed during the major rainy season from June to September (Fig. 4b) . Diurnal peaks in RF were not clear except in the morning. Similar to the other ocean regions, a single seasonal RF peak occurred in August over the western North Pacific (Fig. 4c) .
These results indicate that the seasonal variation in RF was similar to that of the land region. However, the seasonal variation of diurnal RF variations within the rainy season was less clear than in the land regions. In addition, the absolute values of RF over the ocean were slightly larger than those of the land regions.
RI over the ocean
There were clear seasonal variations of RI over the Bay of Bengal. A higher RI was observed throughout the rainy season. In terms of diurnal RI variation, precipitation was the strongest during the late morning and early afternoon hours (Fig. 5a) .
The seasonal and diurnal variations of RI over the South China Sea were weaker than those over land regions (Fig. 5b) . A relatively higher RI was observed from July to October. The sea- sonal and diurnal variations of RI over the western North Pacific were very small (Fig. 5c) . Similarly to the seasonal change in RF over the land regions, the RF over the ocean regions had a clear single seasonal peak of RF. Over the ocean, the seasonal variation of RI was much smaller than over the land regions. It was noteworthy that the diurnal variations of RF and RI over the landlocked ocean (the Bay of Bengal) were stronger than over the open ocean (the western North Pacific), which could be an effect of land (e.g., Zuidema 2003).
Discussion
Seasonal change of the spatial pattern of precipitation characteristics
To understand the seasonal change in the spatial pattern of precipitation characteristics, we investigated the changes in precipitation characteristics in terms of meridional displacement of the active precipitation zone, namely the inter-tropical convergence zone (ITCZ). The northward shift of the active precipitation occurred at the onset of the monsoon over the land and ocean regions. Figure 6 shows that the RI increased from April and May to July and August over almost the entire ocean in the Northern Hemisphere (Arabian Sea, Bay of Bengal, South China Sea, Philippine Sea, and western North Pacific), which is shown in Fig. 5 . However, the RI over the Indian Subcontinent, Indochina Peninsula, and Bangladesh Plain decreased from April and May to July and August (Fig. 6b) , which is also shown in Fig. 3 . Over the ocean, both RA and RI increased with the development of Asian monsoon circulation, while RI decreased over land despite the increase in RA.
In addition, we also showed the seasonal differences in RA and RI between July-August and September-October (Fig. 7) . Figure 7 shows almost symmetric seasonal changes in RA and RI from April-May to July-August. Specifically, there was a decrease in RA over the land and ocean north of 10°N, while RI increased over the Indian Subcontinent and the Indochina Peninsula from July-August to September-October. However, an increase in RI over the Bangladesh Plain was not observed. In addition, some differences were found over the Southern Hemisphere.
Based on our results, the differences between the land and ocean in the seasonal change of rainfall characteristics over the tropical Asian monsoon region are summarized in Fig. S1 . Figure  S1 shows the characteristics of the pre-monsoon season when the equatorial region is in the rainy season. Over land, a stronger RI was observed in the pre-monsoon and post-monsoon seasons of the Asian summer monsoon, which implies that highly convective precipitation systems were dominant. This corresponded to the northern edge of the ITCZ. However, the RF was relatively low over land in the pre-monsoon and post-monsoon seasons. Over the ocean, convective activity was weaker during the pre-monsoon and post-monsoon seasons. During the monsoon season, the RF dramatically increased over land and ocean, in areas that can be under the main body of the ITCZ. Interestingly, the RI weakened over land. However, RI becomes stronger over the ocean. In terms of the diurnal rainfall cycle over land, a low RF with strong RI were observed during daytime in the pre-monsoon and postmonsoon seasons. On the other hand, a high RF with weak/ moderate RI was found during the daytime to early morning in the monsoon season over land.
Possible mechanism underlying the weakening of RI over land in the wet monsoon season
The previous subsection discussed the weakening of RI over land regions, such as the Indian Subcontinent, Indochina Peninsula, and Bangladesh Plain, from the pre-monsoon to the mature monsoon seasons. The RI over land regions was strengthened in the post-monsoon season. These phenomena were observed only over the land regions, which suggests that the changes of the landsurface conditions could explain these phenomena.
Specifically, the seasonal differences of soil wetness conditions in the period between the monsoon and pre-monsoon/ post-monsoon seasons can explain these variations in RI. The wetter soil moisture conditions resulted in a lower surface air temperature as well as a lower height of the planetary boundary layer, which can be explained by the change of the Bowen ratio through the redistribution of absorbed radiation energy at the surface.
A satellite observational study of soil moisture and precipitation in some regions showed that a drier surface induces stronger precipitation particularly over the relatively drier land-surface conditions (Taylor et al. 2012) . However, additional studies are needed to determine if their results are in accordance with those in the tropical Asian monsoon regions where the land-surface conditions are relatively wet. In addition, numerical experiments over the wet Asian monsoon regions showed an increase in soil moisture, and a decrease in rainfall amount and RI (e.g., Takahashi et al. 2010b) , which may be a regional dependency. Moreover, it is possible that a wetter land surface decreases the height of the planetary boundary layer and weakens local circulations (e.g., Takahashi et al. 2010b ), resulting in a weakening of deep convections, although few previous studies have investigated these mechanisms over the wet Asian monsoon regions.
It goes without saying that the seasonal changes of the atmospheric conditions (e.g., Houze 2011a, 2011b; Yamane et al. 2013) , such as atmospheric stability, monsoon circulation and moisture transport, can be the primary contributor for the seasonal changes in RI over the land regions. To understand the mechanism of the seasonal changes in RI, additional studies based on observations and modeling are required.
Conclusions
This study addressed the seasonal and diurnal variations of precipitation characteristics, namely RA, RF, and RI, over the tropical Asian monsoon region where seasonal changes of climate are dominant. We focused on the difference in seasonal and diurnal variations of precipitation characteristics between land and ocean, using TRMM-PR data over the 15-year period from 1998 to 2012.
Our results demonstrated differences between land and ocean areas in seasonal and diurnal variations in precipitation characteristics. A single seasonal peak in RF was observed over both land and ocean regions. Over land and ocean regions, RF increased with an increase in RA; the increase in RF was explained by an increase in high RF hours. It is noteworthy that daytime precipitation occurred during the relatively drier season, and that nocturnal precipitation often occurred during the relatively wet season over the land regions. Note that double seasonal peaks in RI at the beginning and end of the summer monsoon season were observed over the all land regions, i.e., the two transition seasons (between the wet and dry seasons). This double seasonal peak in RI was not observed over the ocean. In a future study, these rainfall characteristics should be also investigated using widely used rainfall datasets. In addition, convection-permitting numerical experiments are better option to understand the mechanism of seasonal and diurnal rainfall variations over the tropical Asian monsoon region.
